1. Species differences in the activity of the exchanger were evaluated in isolated myocytes from rat, guinea-pig, hamster ventricles and human atria. Fluorescence measurements using fura-2 were carried out in conjunction with the whole-cell patch-clamp technique for simultaneous recording of membrane currents and intracellular Ca2+ concentration. 2. Ca2+ release from sarcoplasmic reticulum (SR) induced either by rapid application of caffeine or by Ca2+ current elicited inward Na+-Ca2+ exchange currents (INa-ca). The magnitude of INa-Ca was largest in hamster, smallest in rat, with guinea-pig and human myocytes having intermediate values. The ratio of caffeine-induced exchanger current densities, normalized with respect to the peak Ca2+ release, was 4:2:1P5:1 for hamster > guinea-pig > human > rat myocytes.
1. Species differences in the activity of the exchanger were evaluated in isolated myocytes from rat, guinea-pig, hamster ventricles and human atria. Fluorescence measurements using fura-2 were carried out in conjunction with the whole-cell patch-clamp technique for simultaneous recording of membrane currents and intracellular Ca2+ concentration. 2. Ca2+ release from sarcoplasmic reticulum (SR) induced either by rapid application of caffeine or by Ca2+ current elicited inward Na+-Ca2+ exchange currents (INa-ca) . The magnitude of INa-Ca was largest in hamster, smallest in rat, with guinea-pig and human myocytes having intermediate values. The ratio of caffeine-induced exchanger current densities, normalized with respect to the peak Ca2+ release, was 4:2:1P5:1 for hamster > guinea-pig > human > rat myocytes.
3. The rates of Ca2+ removal in the presence of caffeine, which reflect primarily the Ca2+ extruding activity of the Na+-Ca2+ exchanger, followed the same order of hamster > guinea-pig > human > rat. 4. The kinetics of INa-Ca vs. Ca2+ transients were different among species. In rat myocytes, the kinetics of the INa-Ca and the Ca2+ transients were similar, with INaCa linearly proportional to intracellular Ca2P concentration ([Ca2+] i). In hamster myocytes, the time course of INa-Ca tracked only the declining phase of the Ca2P transient with INa_ca having faster kinetics during the Ca2P release. These findings suggest that the Ca2+ concentrations in the vicinity of the exchanger were significantly higher than those of the cytosol during Ca2+ release in hamster myocytes. 5. We concluded that there are significant species differences in the exchanger activity of cardiac myocytes, arising from differences in exchanger densities, their modulation and/or their spatial distribution with respect to the ryanodine receptors of cardiac myocytes.
The Na+-Ca2+ exchanger is expressed ubiquitously in vertebrate cardiac myocytes (in mammals (Kimura, Noma & Irisawa, 1986; Callewaert, Cleemann & Morad, 1989; Bers, 1991) , in amphibians (Campbell, Giles, Robinson & Shibata, 1988) , in elasmobranch (Niibauer & Morad, 1992) ).
In mammalian cardiac myocytes, the Na+-Ca2+ exchanger is the major pathway for the trans-sarcolemmal Ca2+ efflux (Bridge, Smolley & Spitzer, 1990) . The exchanger contributes to cardiac relaxation (Bers & Bridge, 1989; Bridge et al. 1990 ) by competing with the sarcoplasmic Ca2+-ATPase for the removal of Ca2P from the cytosol, determining in part the fraction of Ca2+ resequestered into the sarcoplasmic reticulum. It also contributes to the regulation of resting intracellular [Ca2+] (Noma, Shioya, Paver, Twist & Powell, 1991) . Although some studies have provided supportive evidence for the marked species difference in the development of SR in cardiac myocytes, only indirect and scant functional or structural evidence is as yet available to support the notion of the variability of the Na+-Ca2+ exchanger in different species (Fabiato & Fabiato, 1978; Shattock & Bers 1989; Bassani, Bassani & Bers, 1994) . In the present study, we have attempted to evaluate the intrinsic activity of the cardiac exchanger in different mammalian species: guinea-pig, hamster, human, and rat, by comparing the inward current generated by the exchanger (INa-Ca) in response to intracellular Ca2+ release induced either by rapid application of caffeine or activation of the voltage-gated calcium channels. The data suggest marked differences in the degree of exchanger activity and its kinetics of activation with respect to intracellular Ca2P release in different species.
METHODS
Cell isolation Ventricular myocytes were enzymatically isolated from adult male Wistar rat, guinea-pig, and Syrian hamster (F18) with procedures essentially similar to Mitra & Morad (1985) . Briefly, animals were anaesthetized with 50 mg kg-' sodium pentobarbitone. The hearts were removed rapidly and perfused retrogradely through the aorta for 5 min with Ca2+-free Tyrode solution containing (mM):
137 NaCl, 5-4 KCl, 1 MgC12, 10 glucose, 10 Hepes and buffered to pH 7-4 with NaOH. The heart was then perfused with a Ca2'-free Tyrode solution containing collagenase (Type A, Boerhinger) and protease (Type XIV, Sigma). After a 10-20 min enzyme recirculating period (depending on species), rat or guinea-pig hearts were washed with Tyrode solution containing 0-2 mm Ca2+ for about 5 min to stop enzymatic digestion. Ventricular myocytes were then dispersed in 0-2 mm Ca2+-containing Tyrode solution at 37°C and stored at room temperature (20-25°C) for about 1 h before use. Hamster hearts were washed with a modified Ca2+-free KB solution (Isenberg & Klockner, 1982) for 5 min to stop the digestion process. Cells were then dispersed and stored in KB solution (Hatem, Sham & Morad, 1994) . Samples of human right atrial appendage were obtained from paediatric patients during cardiac surgery prior to the onset of extracorporeal circulation, and were immediately placed in a Krebs bicarbonate solution containing (mM): 136 NaCl, 24 NaHCO3, 4 KCl, 1 .1 MgCl2, 0 33 NaH2PO4, 2-7 CaCl2, 11 glucose, equilibrated with 95% 02 and 5% CO2 and buffered at pH 7 fi4.
Pieces of atrial appendage were cut and washed in a Ca2+-free Tyrode solution oxygenated with 100% 02, and were then incubated in Ca2+-free Tyrode solution containing 400 i.u. ml-' collagenase (Type V, Sigma) and 4 i.u. ml-' protease (Type XXIV, Sigma) with continuous stirring (Escande, Coulombe, Faivre, Deroubaix & Coraboeuf, 1985) . After 45 min of digestion, the enzyme solution was replaced by another Ca2+-free Tyrode's solution containing only collagenase. The end-point of the digestion was determined by microscopic examination. Isolated myocytes were then separated from the enzyme solution by low speed centrifugation and were equilibrated in KB solution at room temperature for at least 1 h before use. Human atrial tissue was obtained in accordance with the institutional guidelines for human research.
Measurement of membrane currents and intracellular Ca2e
transient Myocytes were superfused with K+-free Tyrode solution containing 5-10 mM tetrodotoxin to eliminate Nae and K+ currents. Myocytes were voltage clamped with patch pipettes (tip resistance 1X5-2X5 MQ2) and dialysed with pipette solution containing (mM): 120 CsCl, 20 TEA-Cl, 5 MgATP, 10 Hepes, 0'2 K5fura-2, pH 7-2. Nae was omitted from the pipette solution, lowering [Nae], to optimize extrusion of Ca2+ through Na+-Ca2+ exchangers. After whole-cell configuration was attained, a period of about 10 min was allowed for adequate intracellular dialysis until loading of fura-2 became stable. Membrane currents were measured with a Dagan (model 8900) patch-clamp amplifier. Experimental protocols were executed and the data were collected with a Labmaster A/D converter (Scientific Solution Inc., Solon, OH, USA) and the pCLAMP software (Axon Instruments).
Intracellular Ca!' transients were monitored by recording fluorescence signals of fura-2 at 510 nm. Fura-2 was excited by dual wavelengths (335 and 410 nm), alternating at a frequency of 1P2 kHz (Cleemann & Morad, 1991 (Grynkiewicz, Poenie & Tsien, 1985) . REGTA and Rca are the fluorescence ratios measured in internal solutions containing 10 mm EGTA and 10 mM Ca2+, respectively. During experiments, Ca2+ currentinduced Ca2+ releases were activated every 10 s by depolarizing pulses to 0 mV from holding potentials of -60 mV. Caffeineinduced Ca2+ releases were activated by rapid application of 10 mm caffeine using a rapid concentration-clamp system (Vibraspec Inc., Bear Island, ME, USA) at a holding potential of -80 mV. Caffeine application was maintained for 10 s. Isoproterenol (1 mM) was applied to some myocytes to maximize Ca2+ releases from the SR.
All experiments were conducted at room temperature (22-24°C). Data were expressed as means + S.E.M. P values of less than 0 05 were considered statistically significant.
RESULTS
Activation of Ca2+ current (ICa) by depolarizing pulses from a holding potential of -60 to 0 mV induced Ca2+ transients in rat, guinea-pig, hamster, and human myocytes (Fig. 1A) .
The peak ICa density was generally equivalent in myocytes of all four species (7 7 + 1 0 pA pF-' (n = 16) in rat; 9-5 + 1 1 pA pF1 (n = 11) in guinea-pig; 9 2 + 1-9 pA pF-' (n = 10) in hamster; 7'8 + 2'0 pA pF-1 (n = 6) in human),
whereas the magnitude of Ca2P release varied significantly from species to species (257 + 42 nm in rat; 228 + 43 nM in guinea-pig; 351 + 36 nM in hamster; 136 + 37 nm in human) ( Table 1) . Repolarization of membrane potential following Ca2+ release activated a slow tail current, which has been previously identified as the INa-Ca in several different studies (Egan, Noble, Noble, Powell, Spindler & Twist, 1989; Giles & Shimon, 1989a, b) . Such 'tail currents' were most prominent in the hamster, and least obvious in the rat ventricular myocytes. Figure 1B Guinea-pig Hamster Human the guinea-pig myocytes. The maximum rate of relaxation of the Ca2+ transients normalized with respect to the magnitude of Ca2+ release, reflecting the combined rate of sequestration of Ca2+ by the exchanger and the SR Ca2+ pump, also followed the same order of species dependence as that seen for peak INa-Ca (Table 1) . Comparison of exchanger activity in different species induced by Ca2+ release mediated via rapid application of caffeine is shown in Fig. 2 varied significantly in these species, even when the magnitude of Ca2+ release was equivalent. The INa-Ca densities were 0 8 + 0 1 pA pF-' in rat, 1P8 + 0 3 pA pF' in guinea-pig, 4-1 + 0 5 pA pF-' in hamster ventricular myocytes, and 0 9 + 0-2 pA pF-' in human atrial myocytes (Table 2 ). Since the increase in intracellular Ca2+ induced by caffeine was not exactly the same in all four species and since INa-Ca is proportional to the [Ca2+]j (Beukelmann & Wier, 1989; normalized with respect to the magnitudes of Ca2P release for more quantitative comparisons. Quantification of INa-Ca in this manner also produced the same order of species dependence of exchanger activity: hamster > guineapig > human > rat, with ratios approximately equal to 4:2:1X5:1, consistent with the measurement of tail currents activated following the Ica-induced Ca2P release.
Since the sequestration of Ca2P by the SR was significantly suppressed in the presence of caffeine, the rate of relaxation of the Ca2P transients in the presence of caffeine must primarily reflect the Ca2P extruding activity of the exchanger (Bridge et al. 1990 ). The relaxation phase of Ca2P transients activated by caffeine in myocytes of different species were scaled and superimposed in Fig. 2B . The relaxation phase of Ca2+ transient was fastest in hamster, slowest in rat, with myocytes of guinea-pig and human having intermediate values. Normalizing the rate of relaxation with respect to the magnitude of Ca2+ release showed that the activity of the Na+-Ca2+ exchanger also followed the order of: hamster > guinea-pig > human > rat, consistent with the results of the caffeine-activated INa-Ca (Table 2) .
In order to obtain kinetic data on Na+-Ca2P exchange, the rate of activation and decay of INa.Ca in rat and hamster myocytes Were compared with those of Ca2+ transients. In rat myocytes, the time course of the INa-Ca and Ca2+ transient activated by caffeine tracked each other closely in 50% of the cells (Fig. 3A) . Plotting the exchange current against the change in [Ca2+], in the declining phase of the Ca2+ transient shows a linear correlation, as reported previously in guinea-pig ventricular or atrial myocytes (Beukelmann & Weir, 1989; Callewaert et al. 1989; Lipp et al. 1990 ). In hamster myocytes, however, the kinetics of INa-Ca deviated significantly from that of the Ca2+ transient in 90 % of the cells (Fig. 3B) [Ca2+]). In 50% of the rat myocytes a similar deviation, but to a lesser extent, was observed in the early phase of the kinetics of the IN,-C, and the Ca2+ transient, however, they correlated well later in the response. The estimated Ca2+ concentration around the Nae-Ca2P exchanger of rat myocytes during Ca2P release were 0 59 + 0 11 mm. Peak
INa-Ca normalized with the estimated peak Ca2+ release was 40 + 0-4 and 1-3 + 0-2 pA pF-/SM-(P < 0-05) in hamster and rat myocytes, respectively. The rapid kinetics of the INa-ca in hamster and rat myocytes were unaffected by including 10 mm Na+ in the pipette solution, or by extracellular application of 1 mm isoproterenol, indicating that the characteristic differences observed in the Ca2+ transients and IN.-ca were not directly dependent on the equilibrium potential of the exchanger or phosphorylation.
DISCUSSION
The major finding of this study is that the density of the Na+-Ca2+ exchanger current varies significantly in different species. In four mammalian species studied, the density of current was highest in hamster and lowest in rat myocytes. Since the exchanger activity was normalized with respect to [Ca2+]i, the marked differences in the magnitude of INa-Ca and the kinetics of its development in relation to the Ca2+ transient reflects the differences in the expression of the exchanger in different species or their spatial distribution with respect to the ryanodine receptors.
In the present study, the activity of the Nae-Ca2P exchanger in the myocytes of different species was quantified by comparing the tail current following repolarization, and the transient inward currents activated by Ca2+ release upon rapid application of caffeine. The INa-Ca tail currents have been extensively studied in mammalian cardiac myocytes (Egan et al. 1989 ; Giles & Shimon, 1989a,b) . Evidence that the tail currents represent activation of the Na+-Ca2+ exchanger includes: (1) their suppression in Na+or Ca2+-free external solution;
(2) their inhibition by external Li+; and (3) their dependence on the SR Ca2+ release. Quantifying the Na+-Ca2+ exchange activity by measuring the tail current is usually complicated in part because of the contaminating capacitive currents activated during repolarization, and the difficulty of quantifying the [Ca2+]i during the relaxation phase of the Ca2' transient due to the slow rate of dissociation of Ca2+ from fura-2 (Baylor & Hollingworth, 1988; Berlin & Konishi, 1993) . These complications were overcome in our study by quantifying the exchanger current activated by caffeine-induced Ca2+ release. The exchanger current activated by caffeine was blocked by Ni2+ and was suppressed in the absence of extracellular Na+ (Callewaert et al. 1989 ). The peak of the inward current activated by caffeine could be measured more reliably than the tail currents, as the myocytes were held at constant holding potential (-80 mV). Further, since caffeine suppresses Ca2+ sequestration by the SR, most probably by keeping the release channels open, the rate of relaxation of Ca2+ transients in the presence of caffeine may serve as an additional index of exchanger activity, assuming the sarcolemmal Ca2+-ATPase does not contribute significantly to the removal of Ca2P in cardiac myocytes (Bridge et al. 1990 ). The good correlation between the INa-Ca and the rate of relaxation of the Ca2P transient provides strong
supportive evidence for such a hypothesis. The differences in the exchanger activity between species could arise from the difference in the densities of the exchanger molecules expressed in different species. INa-Ca density, normalized with respect to the magnitude of Ca2+ release activated by caffeine in rat myocytes, suggests that the activities of the exchanger in myocytes of rat, human, guinea-pig, and hamster have a ratio of 1:1±5:2:4. These results suggest that the exchanger is expressed 2-to 4-fold more in guinea-pig and hamster compared to rat myocytes. Estimates of the exchanger density from conformation currents and giant patch studies in guinea-pig myocytes (Hilgemann, Nicoll & Philipson, 1991; Niggli & Lederer, 1991; Hilgemann & Collins, 1992) range between 250 and 400 ,um2. Although similar studies of exchanger density for hamster, rat and human myocytes are not as yet available, assuming that current density may be directly related to the number of exchangers, the hamster heart may have as many as 800 exchangers ,um-2, a large number even when compared to the density of Na+ channels in excitable membranes. Alternative possibilities for the differential expression of INa-Ca in different species
The species differences in the exchanger activity could also result from the differences in the rate of Ca2+ transport by the exchanger. The rate and the direction of Ca2+ transport by the exchanger are determined by the membrane potential and the equilibrium potential for the exchanger (ENa-Ca). In our experiments, the extracellular Na+ and Ca!+ concentrations were kept constant, [Na+]i was controlled by the patch-pipette solution (0 mm Na+) to very low concentrations, the Na+-K+ pump was inhibited by K+-free external solutions, and the membrane potential was controlled at -80 mV. The only uncontrolled variable was the [Ca2+]i. Even when the magnitudes of Ca2+ release activated by caffeine were equivalent in myocytes of different species ( Fig. 2A and Table 2 ), the INa-Ca varied markedly in rat, guinea-pig and hamster ventricular myocytes. Since the fura-2 fluorescence signal represents the average global cytoplasmic Ca2+ concentrations and the exchanger current reflects the activity of Ca2+ in the vicinity of the sarcolemma, it is possible that the local Ca2P concentration around the exchanger rather than the exchanger density is responsible for the observed differences in the INa-Ca density measured in different species. If so, the mismatch between INa-Ca and the fura-2 fluorescence signal in hamster myocytes in the early phase of Ca2+ release (Fig. 3) , suggests that the [Ca2P] in the vicinity of the exchangers may be significantly higher than the global myoplasmic Ca2+ concentrations. On the other hand, the close resemblance between the kinetics of the fura-2 signal and INa-ca in rat myocytes suggests no significant difference in the activity of Ca2+ in the microdomain of the exchanger vs. the global myoplasmic Ca2+. This discrepancy between the rat and hamster results may be resolved if one assumes that the exchanger molecules are located closer to the Ca2+ release channels in hamster compared to rat myocytes. Recent studies suggest that Na+-Ca2P exchangers are distributed throughout the sarcolemma and the T-tubules, but may be concentrated more heavily in the T-tubules in both guinea-pig and rat ventricular myocytes (Frank, Mottino, Reid, Molday & Philipson, 1992; Kieval, Bloch, Lindenmayer, Ambesi & Lederer, 1992) . But no information is, as yet, available on the proximity of the exchanger to the triadic junction in different species. Nevertheless, the notion that the exchangers of rat myocytes may reside far from the ryanodine receptors is consistent with our finding that Ca2+ influx via the Na+-Ca2+ exchanger is much less effective in triggering Ca2P release compared with that entering through the Ca2+ channels (Sham, Cleemann & Morad, 1992 , 1995 . The finding that reverse Na+-Ca2P exchange may trigger fast Ca2P release in guinea-pig (Leblanc & Hume, 1990; Levi, Spitzer, Kohmoto & Bridge, 1994) , but not in rat (Sham et al. 1992; Bouchard, Clark & Giles, 1993a,b) is also consistent with the notion of possible species variations in geometrical distribution of the exchanger molecule with respect to the ryanodine receptors. In this respect, the exchanger may be located closer to the ryanodine receptors in hamster myocytes, perhaps to provide more efficient Ca2+ removal (Hatem, Sham & Morad, 1994) or to serve as an alternative pathway for the activation of SR Ca2+ release. On the other hand, the mismatch of INa-ca and Ca2+ transient could be also due to the saturation of fura-2, or if a much greater portion of fura-2 was bound to intracellular proteins (Baylor & Hollingworth, 1988; Berlin & Konishi, 1993) in hamster than in rat myocytes. No information on the binding of intracellular fura-2 in myocytes of different species is as yet available. Although the difference in spatial distribution of the exchangers with respect to the ryanodine receptors might explain the difference in the kinetics of INa-Ca in rat and hamster, it could not fully account for the difference in the density of exchanger current in hamster (4 0 + 0 4) and in rat (1f3 + 0f2 pA pF-' ,M-') myocytes. Furthermore, the faster rate of relaxation of the Ca2+ transient in hamster compared with rat myocytes supports the idea that the exchanger activity was higher in hamster than in rat, irrespective of the differences in spatial distribution of the exchangers with respect to the ryanodine receptors in the two species. The differences in the exchanger activities could be also related to the regulation of the exchanger. Although the intracellular [ATP], [Mg2+], and pH were kept constant by the pipette solution in the interspecific experiments, we cannot exclude the possibility that interspecific differences in the activities of phospholipases or other enzymes (Hilgemann & Collins, 1992 ) may exist which, in turn, would modulate the exchanger to account for interspecific differences.
